We present a variety of amorphous transition-metal borides prepared at room temperature by a chemical reduction method as highly active catalysts for the oxygen evolution reaction (OER). The amorphous borides exhibit activities much higher than the corresponding crystalline (spinel, layered double hydroxide and perovskite) metal oxides containing the identical metal compositions, which have already been regarded as promising OER catalysts. The amorphous Ni/Fe borides showed the best mass normalized OER current density of 50 A g À1 at an overpotential of 0.35 V, transcending the performance of the state-of-the-art OER catalyst, RuO 2 . Amorphous transition-metal borides demonstrated extremely high active OER catalytic activity. The outstanding catalytic activity can be attributed to the amorphous structure, the large specific surface areas (above 110 m 2 g
Introduction
The oxygen evolution reaction (OER) has become the focus of research interest and efforts due to its potential application in energy storage. When coupled with a cathodic reaction (e.g. carbon dioxide reduction, hydrogen reduction) it provides a viable route to store intermittent renewable energy such as wind or solar, in the form of a chemical fuel.
1-3 However, the sluggish kinetics due to the four-electron transfer result in a high overpotential being required for OER. 4 Although RuO 2 and IrO 2 exhibit outstanding OER activities, 5, 6 the scarcity and high cost of these noble metal oxides signicantly constrain their commercial viability. Therefore, it is greatly desired to develop cost-effective and robust electrocatalysts with remarkable OER activities.
Recently, the materials derived from earth-abundant 3d-orbital transition metals [7] [8] [9] [10] (e.g. Fe, Co, Ni, Mn) has aroused research interest due to their low cost and excellent performance in electrochemical water oxidation, and they efficiently enhance the OER process and reduce the cost of chemical-fuel production. To this day, varieties of crystalline 3d-metal materials including spinels, perovskites and layered double hydroxides (LDH) have been systematically studied as OER catalysts, 9,11-14 some of which even show superior activities to the noble metal catalysts. Song et al. 11 reported the exfoliated monolayer nanosheet of Ni-Fe LDH as highly electrocatalysts for OER, competing favorably against the costly IrO 2 catalyst. Suntivich et al. 9 identied that the intrinsic OER activity of Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3Àd perovskite with an e g -orbital occupancy close to unity is more than one order of magnitude higher than the state-of-the-art IrO 2 catalyst. Importantly, May et al. 15 found that the activity of Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3Àd catalyst increased with electrochemical cycling, possibly due to the amorphization of surface layer, as shed new light to the fabrication of amorphous 3d-metal OER catalysts. The latest research demonstrated that amorphous quaternary Ba-Sr-Co-Fe oxide showed higher OER current density to Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3Àd perovskite. 4 In our previous research, 8 it is also reported that the amorphous Ni-containing materials exhibit OER activities higher than the state-of-the-art RuO 2 catalysts, comparing favorably against their crystalline counterparts. Although amorphous materials being excellent candidate catalysts for OER, to date no efficient route to prepare highly active OER catalysts has been identied.
The latest developed photochemical decomposition method has been successfully applied in fabricating amorphous metal oxides as highly active OER catalysts. 3, 4, 16, 17 However, this method required the use of specic organic compounds (metal 2-ethylhexanoate precursors) and deep UV-light irradiation, which made the synthesis process costly and difficult to scale up. Alternatively, a facile route to prepare 3d-metal catalysts is the chemical reduction method with sodium borohydride as reducing agent. Since it is an extremely simple way to synthesize amorphous transition-metal borides with controlled compositions at room temperature, this method is extensively used in the fabrications of catalysts for various energy storage applications (e.g. hydrogen generation from hydrazine decomposition, 18 hydrogen evolution reaction, 19 oxygen reduction reaction 20 ). Herein, we put forward the chemical reduction method to construct various amorphous borides based on Fe, Co and Ni, the main compositions for most active OER catalysts reported to date.
2,21-23 Three typical crystalline structures with high OER activity were selected as references, namely spinel, LDH and perovskite. 9, 11, 12, 14 All the amorphous materials exhibited signi-cantly higher activity towards OER compared to the corresponding crystalline metal oxides. The binary metal catalysts (Ni-Fe and Ni-Co) prepared by chemical reduction method exhibited superior OER activity compared to the state-of-the-art RuO 2 catalyst, highlighting the chemical reduction method as a facile, rapid and universal approach to prepare elaborate OER catalysts. Further research into the synthesis of multi-component catalysts using this method showed that the elemental compositions of the products were strictly controlled even for quaternary metal boride catalysts (Ba-Sr-Co-Fe and La-Sr-Co-Fe).
Experimental

Materials
Deionized water was used in all experiments. Sodium borohydride (NaBH 4 
Characterization
Elemental compositions of metals and boron were measured with a Perkin Elmer Optima 8300DV Inductively-Coupled Plasma Optical Emission Spectrometer (ICP-OES). X-ray diffraction (XRD) patterns were recorded on a Bruker D8-Advanced X-ray diffractometer using nickel-ltered Cu-Ka radiation. Scanning electron microscopy (SEM) images were collected on a JEOL JSM-7001F at an acceleration voltage of 10 kV. The energy dispersive X-ray spectroscopy (EDS) was recorded on a Tecnai F20 transmission electron microscope. X-ray photoelectron spectra were acquired on a Kratos Axis ULTRA X-ray photoelectron spectrometer (XPS) incorporating a 165 mm hemispherical electron energy analyzer and a monochromatic Al Ka (1486.6 eV) radiation at 150 W (15 kV, 10 mA). The binding energies were determined using the C 1s line at 284.5 eV from adventitious carbon as a reference. N 2 sorption isotherms were measured at 77 K on a Micromeritics TriStar II 3020 aer degassing the samples for 12 h at 80 C. Specic surface areas (S BET ) were determined from the N 2 isotherms with the Brunauer Emmett Teller method.
Electrochemical measurements of thin lm electrodes
Thin lm electrodes were fabricated by sonication of 10 mg active catalyst and 10 mg carbon black (Super C65, TIMCAL C'NERGY) for 30 minutes in 1 mL ethanol with 100 mL 5 wt%. Naon solution. A 5 mL aliquot of this suspension was drop-cast onto a glassy carbon disk electrode (4 mm diameter, 0.126 cm 2 area) and le to dry under a glass jar. The typical catalyst loading was 0.36 mg cm À2 .
Rotating disk electrode (RDE) voltammograms were measured in an O 2 (99.999%) saturated 0.1 M KOH solution at room temperature with a Biologic VMP2/Z multichannel potentiostat. The electrochemical cell had a Pt-chain counter electrode and a Ag|AgCl (3 M NaCl) reference electrode. The reference electrode was calibrated with respect to a reversible hydrogen electrode (RHE) in a hydrogen saturated electrolyte with a Pt-chain working electrode. Cyclic voltammograms were measured at a scan rate of 10 mV s À1 and the thermodynamic potential for the hydrogen electrode reactions was determined from the mean of the two potentials at which the current crossed zero. All potentials reported in this study are iR-corrected potentials calculated by the following equation (eqn (1)):
where i is the current and R is the uncompensated ohmic electrolyte resistance (55 U) measured via high frequency ac impedance in O 2 -saturated 0.1 M KOH. The current densities were normalized by using geometric surface areas.
Results and discussions
The molar ratios of the elements determined by ICP-OES and the specic surface areas determined by N 2 adsorption of the samples are listed in Table 1 . Obviously, the amorphous samples exhibited almost the same relative metal compositions as the corresponding crystalline metal oxides. The slight differentials between amorphous and crystalline samples indicated the metal compositions of the amorphous samples were strictly controlled by using the chemical reduction method. More importantly, all the metal elements were homogeneously distributed in the catalysts as conrmed by the EDS mapping (see Fig. S1 -S3 †) spectra. During the reduction process, borohydride undergoes hydrolyzation according to the reaction below (eqn (2)- (6) 
releasing H 2 into the system. Meanwhile, the metal ions will form hydroxides and borides. For example, the formation of spinel Co/Fe-AMOR can be presented in eqn (2)- (6). The strong reducing capability of H 2 led to an ultrafast reduction process, showing no discrimination of all the metals and making a homogeneous elemental distribution of the nal product. Moreover, all the amorphous samples contained a certain amount of boron, indicating the formation of metal borides (see Table 1 ). In addition, the generation of H 2 gas as bubbles during the synthesis will produce strong disturbance on the structure and particle size, making an amorphous phase with ne particles and large surface area. Interestingly, the quaternary samples showed a boron content (atomic ratio $ 65%) much higher than that of the binary samples ($27-38%). Shih et al. 26 found that the alkali earth metals (especially barium) are the most efficient precipitants to chemisorb boron species in the aqueous solution in the form of metal perborate (MeB 2 O 4 , B content 66%). On the other hand, alkali earth metals hexaborides (MeB 6 , B content 85.7%) could also be formed, 27 leading to a high B level in the nal products. Meanwhile, the amorphous transition metal (Fe, Co, Ni) borides can be formed in a wide compositional (relatively low) range 19, 28, 29 due to the formation of a variety of polymorphs (MeB, Me 2 B, Me 3 B, Me 4 B 3 , etc., maximum B content 50% corresponding to MeB). As a result, the quaternary samples containing alkali earth metals (Ba, Sr) showed a much higher boron content.
It can be also seen from ) exhibited superior OER activities to the noble metal oxides catalysts such as IrO 2 and RuO 2 . Since Fe, Co and Ni, three most active transition metals, were all included in the synthesis, the fabrication of highly-active OER catalyst can be expected using the chemical reduction method. The other samples showed typical XRD patterns corresponding to crystalline materials, namely spinel, LDH and perovskite, which were reported to show promising activity towards water oxidation.
The SEM images of the amorphous catalysts are shown in Fig. 2 and the SEM images of the crystalline catalysts are included in Fig. S4 of the ESI. † The images in Fig. 2a and b showed that the Co 3 Fe 1 -AMOR and Ni 3 Fe 1 -AMOR precipitated from solutions with the lower Fe concentrations were constituted by nanoparticles. These nanoparticles were closely accumulated, leading to a porous structure (Fig. S1 and S2 † (Fig. 2d ) exhibited nano-sheet like structures ( Fig. 2c and d) . These nanosheets were loosely stacked to form sponge-like structures, leading to even higher specic surface areas (232.0 and 244.2 m 2 g À1 respectively). The texture of the amorphous samples with higher Fe content looks more like iron boride nanoparticles sponge morphologies that have been reported. 31 The quaternary metal borides catalysts (Fig. 2e and f) were also precipitated as nanoparticle aggregates with similar morphologies to the Co:Fe and Ni:Fe amorphous metal borides; these morphologies are very different to the non-porous morphologies of the corresponding crystalline perovskites Ba 5 (Fig. S4e and f †) . The SEM results are consistent with the specic surface area data shown in Table 1 . All the amorphous samples were enriched by pore systems, showing large specic surface areas (see Table 1 ). Although Ni 1 Fe 2 -SPIN and Co 1 Fe 2 -SPIN (see Fig. S4a and b †) with spinel phase showed morphologies of nanoparticles similar to Ni 1 Fe 2 -AMOR and Co 1 Fe 2 -AMOR, the specic surface areas (see Table 1 ) of these two samples were much lower compared with the amorphous samples, indicating the agglomeration of the nanoparticles of the crystalline spinels during the calcination process. Similarly, due to sintering at high temperature, the perovskite catalysts (Ba 5 Sr 5 Co 8 Fe 2 -PERO, La 6 Sr 4 Co 2 Fe 8 -PERO) showed a non-porous bulk phase (Fig. S4e  and f †) , while the corresponding amorphous borides exhibited highly porous structures (Fig. 2e and f) . Ni 3 Fe 1 -LDH and Co 3 Fe 1 -LDH exhibited layered structure (see Fig. S4e and f †) , which is typical for layered double hydroxides, showing the largest specic surface areas among the crystalline samples. The obtained SEM results corresponded well with the textural properties shown in Table 1 , again demonstrating that porous materials with high specic surface areas can be achieved by using chemical reduction method.
The XPS spectra of the amorphous samples were displayed in Fig. 3 . It can be seen from Fig. 3a that in the Co 2p level, Co 3 Fe 1 -AMOR showed a peak at 779.4 eV, as can be attributed to the Co(II) species. It is reported that metallic Co can be identied at ca. 778.2 eV for Co-B catalysts. In this study, no elemental Co peak was observed, indicating that the catalyst was severely oxidized when exposed in the air. Notably, compared with the binding energy of Co(II)O (779.7 eV), the slight negative shi of 0.3 eV of the Co(II) in the catalyst suggested an electron-enriched Co structure, which is further evidenced by the B 1s scan. The B 1s signal at 189.0 eV was ascribed to elemental B in the amorphous borides, which was positively shied by 1.9 eV compared with pure B. This suggested an electron transfer from alloying B to vacant d-orbital of Co, leading to electron-enriched Co sites. These electron-enriched Co sites were identied as highly active for various catalytic reactions, including hydrogenation, 32, 33 hydrogen evolution 19 and hydrolysis reactions. 34, 35 The Fe 2p band showed a peak at 710.6 eV, corresponding to Fe(III) species. Since there was considerable amount of B (27.3 at%) in this sample, this peak was also affected by the electron transfer from B, and showed a negative shi of 0.2 eV compared with pure Fe 2 O 3 . Similar negative shi of 0.2 eV for Ni was also observed for the sample Ni 3 Fe 1 -AMOR. Since Fe 2p signal overlaps strongly with Ni LMM Auger peaks, the Fe 2p level of Ni 3 Fe 1 -AMOR was not shown here. These results suggested that in the amorphous transition metal borides catalysts, the transition metals were enriched by electrons due to the electron transfer from boron. Similar electron transfer was also reported by several other groups. For the amorphous quaternary sample Ba 5 Sr 5 Co 8 Fe 2 -AMOR, a considerable amount of SrCO 3 can be identied. In the Sr 3d level two distinct peaks were observed for the amorphous samples, suggesting the existence of SrCO 3 species (see Fig. S5a †) . Correspondingly, the O 1s region of the amorphous catalysts exhibited a peak at 532.5 eV which is typical for metal carbonates (see Fig. S5b †) . Since the alkaline earth metals are highly active elements, they will undergo hydrolyzation during the reduction process to form hydroxyl groups which will then react with the CO 2 in air, leading to the formation of metal carbonates. In this context, BaCO 3 would also exist in the amorphous catalyst. However, due to the strong overlap of BaO (780.0 eV) and BaCO 3 (780.1 eV), neither of them can be clearly identied in the Ba 3d region shown in Fig. S5c . † The existence of SrCO 3 for the other quaternary sample La 6 Sr 4 Co 2 Fe 8 -AMOR is also conrmed from its Sr region (see Fig. S5d †) . The metal carbonates were also observed by Zhang et al. while preparing amorphous Ba-Sr-Co-Fe metal oxides catalysts using the photochemical degradation method, indicating that it is difficult to avoid the formation of metal carbonates in the amorphous catalysts.
The outstanding OER catalytic performances of amorphous borides catalysts were justied by the activities of the binary samples in this study, which were displayed in Fig. 4a-d . The activity of the state-of-the-art RuO 2 catalyst was also shown as reference (red curve). It can be seen from Fig. 4a that the two amorphous Co-Fe catalyst exhibited much higher OER activities than the samples with spinel and LDH structure. This result was in accordance with our previous nding 8 that transitionmetal catalyst with amorphous structure can compare favorably against the corresponding crystalline metal oxides for room-temperature water splitting. It should be emphasized that these amorphous transition-metal materials exhibited OER activities superior to that of the state-of-the-art RuO 2 catalyst, 3, 8 which can be seen from Fig. 4a Fig. 4a . The OER current densities of the amorphous Ni-Fe catalysts and the corresponding crystalline metal oxides were displayed in Fig. 4c and d were similar to the amorphous Co-Fe binary catalysts, it can be speculated that the active phase was composed of 23 This study focused on nding a facile route to fabricate and screen multi-component materials. Although the quaternary samples were less active compared with the binary ones, the homogeneous and strictly controlled elemental distribution of the quaternary samples highlighted the unique benet of chemical reduction method in preparing elaborate OER catalysts affords.
The catalytic parameters of all the samples were summarized in Table 2 . Importantly, all the amorphous samples prepared via chemical reduction method compared favorably against the corresponding crystalline metal oxides, namely spinel, LDH and perovskite, all of which are promising structures for OER reported to date. This demonstrates chemical reduction method can be a simple and efficient approach to fabricate highly active OER catalysts. The sample Ni 3 Fe 1 -AMOR showed the best catalytic performance with an OER current density of 50. 9 
